INTRODUCTION

Motivation
In a land-scarce city such as Singapore, urban planners are facing challenges to optimize urban land usage. Rapid urbanization of densely populated cities has caused available above ground land to be limited. Underground spaces offer enormous potential. To achieve this potential and support well-informed planning decisions, a good understanding of what exists underground -especially that which is concealed -is necessary. This has fostered the need for holistic, data-driven planning of underground spaces for the sustainable development of a city along with rapid urbanization (Jaw et al., 2018) . Currently, some of the places around the world have interests to develop the 3D mapping of underground utility network and utility cadastral management. For instance, Switzerland began to develop a national utility cadastre since 2009, and the Canton of Zurich has established a comprehensive Canton-wide utility cadastre system (Figure 1 ) under the utility cadastre regulation since 2012. Additionally, the United States of America, United Kingdom, Malaysia, Canada and some others have developed a 3D map of underground utility networks Girard, 2016, Tan and Looi, 2013) .
To make better use of underground space, Singapore needs the reliable and accurate information of underground utilities. Figure  2 shows an example of currently available utility data in Singapore. This data is available only in two dimensional (2D) formats, Figure 2 . An example of utility data in Singapore (Source:
Singapore Land Authority, 2018).
fore, over the past years, the Singapore government has engaged in enhancing underground utility mapping accuracy and reducing the cost of underground development. To further this effort, the Singapore Land Authority (SLA) announced the release of the first utility survey standards in August 2017. In the beginning of 2018, Singapore-ETH Centre together with SLA and the Geomatics Department of the City of Zurich have embarked on the Digital Underground project to improve the understanding of the underground space through research, focusing on the development of a roadmap, a data model and best practices for a reliable 3D map of underground utilities.
A reliable 3D digital map of utility networks is crucial for urban planners to understand one of the most impactful aspects of the underground space. Additionally, a 3D map of utility networks could shed light on the management of utility networks such as their ownership and operation in order to ensure legal compliance, efficiency, and resilience of these utility networks. However, securing reliable data for a consolidated database with sufficient and consistently accurate information is a challenging task. A gap exists between engineering practices and mapping disciplines for underground utilities.
Project objectives
This work proposes to develop a 3D utility data model that aims to bridge the gap between underground utility surveying and data management. There are two main uses of this data model. One is for data sharing between government agencies, stakeholders, and other users. The other is to support cadastral management of underground utility networks. The following gaps and issues between underground utility survey to data management have been identified.
• This paper first introduces related works on 3D underground utility data acquisition and reviews existing data models of utility networks. Section 3 proposes a framework to resolve the mentioned issues from information collection to the design of data model for underground utility networks, which includes a 3D utility network data model and a 3D utility cadastral data model. The last section presents conclusions and directions for future work.
RELATED WORKS
The Technologies for 3D Underground Utility Data Acquisition
Most of the underground utility mapping specialists are working with a workflow as described in figure 3 , where data acquisition, processing and management are undeniably interrelated. In short, underground utility mapping is performing from locating and testing to imaging and diagnosis after all data management (Lai et al., 2018b) . 3D geospatial data acquired from the field containing as-built location and depth information of utility services are analysed and visualised as georeferenced utility network data in a GIS system (Jaw et al., 2018) . However, under- ground utility mapping is different from typical above-ground engineering survey, as most utility networks are buried underground which is invisible to the surveyors eyes. As such, underground utility mapping only can be done using non-destructive geophysical mapping technologies that operate in electromagnetic, acoustic, magnetic, resistivity and gyro-based manners. Among these mapping technologies, ground penetrating radar (GPR) and orientation measurement units (OMU) are the most accepted nondestructive 3D mapping technologies for acquiring 3D reliable as-built information of the buried utility networks. Both of these
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GPR is widely used in underground utility mapping, particularly in locating and testing towards a diagnosis for determining the geometrical information of the buried utility networks (Lai et al., 2018a) . The GPR antenna transmits electromagnetic signals into the ground and records the signals that are reflected on the ground surface when it encounters inhomogeneity. It records the contradictions of electrical discontinuity between the medium and the inhomogeneity of the buried objects. However, it is noticeably complicated to convert GPR data to reliable 3D information of underground utilities (Figure 4 ) and the surrounding soil profile may limit the operation of the GPR system. Gyroscopic pipeline mapping systems are a relatively new technology that can be used to measure the profile of a pipe segment in 3D (x, y and z). Using an orientation measurement unit (OMU), it can be used to acquire the as-built information of the utility network that is buried deeply and is difficult to sense using GPR. The benefit of using this type of mapping system is that it is irrelevant to know the exact position of the measurement unit as it travels from entry to exit point (REDUCT, 2017) . It operates autonomously (no tethering of data cable) and can be used at any depth. Figure 5 shows an example of the output of a gyroscopic mapping unit. It can be concluded that each technology has its advantages and limitations. The selection of using the right instrument depends on its application. A comprehensive collection of utility network mapping technologies may be required to acquire reliable 3D utility network data. The data that is obtained by different instruments needs to be integrated with utility networks attributes before storing in a geospatial database to support 3D visualisation, utility data management, urban planning and others application.
The lack of 3D Data Model for Underground Utility Networks
A range of utility data models has been developed for storage, visualisation, exchange, analysis in the geospatial domain. For example, the CityGML utility network ADE (Becker et al., 2011) integrates utility infrastructure into the urban space, the Industry Foundation Classes (IFC) utility model (Liebich, 2009) represents utility services in a building, the ArcGIS utility model (ESRI, 2017) provides a GIS-based utility solution to represent the underlying logical and physical relations of utility networks, and the INSPIRE utility networks model (JRC, 2013) defines the basic application schema of utility networks in a city or country range. However, most of them focus on 2D representation without 3D geometric information of utilities, with the exception of the CityGML utility network ADE and the IFC utility model.
The CityGML utility network ADE focuses mainly on the representation of topographical, graph structural and functional information across the multi-utility networks in 3D space (Becker et al., 2011 , Becker et al., 2013 ). This data model not only represents a utility network component by its 3D topography and complementary graph structure (Becker et al., 2011) , but also considers interdependencies between utility network features and city objects (Hijazi et al., 2017) . However, it does not consider the surveying method used to capture the data. The IFC utility model, which is an ISO standard for data exchange, pays more attention to the supply service of buildings in the civil engineering and architecture domain. It describes 2D and 3D geometry of utilities within the building and the logical or physical connection between building service components. However, the IFC utility model lacks spatial information.
Currently, there is not a widely accepted international standard for an underground utility data model (Lieberman and Ryan, 2017) . Even though the standardized data models, such as CityGML and IFC have been developed to integrate multi-layer utility network data, these data models do not guarantee the information to be reliable, and there is currently no integration with above-ground urban features. Moreover, industry service providers are often not aware of these extensive standards that should ideally guide mapping procedures and accuracy requirements for underground utility network mapping. In order to provide utility data for 3D visualisation and other applications, it is necessary to integrate different types of utility datasets from multiple surveying methods. In addition, few existing works (Hashim et al., 2010 , Pouliot et al., 2015 consider the cadastre application for underground infrastructures. The surveying method is related to data accuracy and data management directly. Hence, we need a 3D utility data model to fill the gap between underground survey and land administration applications.
DESIGN OF A 3D DATA MODEL FOR UNDERGROUND UTILITY NETWORKS
A Framework for 3D Utility Network Mapping
This work proposes a framework to organise the workflow from data capture to data usage at a top level (Figure 6 ), which aims
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-4, 2018 ISPRS TC IV Mid-term Symposium "3D Spatial Information Science -The Engine of Change", 1-5 October 2018, Delft, The Netherlands to resolve issues about communication between different organisations, data integration, and data sharing during 3D mapping of underground utility networsk. This framework organises information in three parts: a utility survey, utility network data management, and utility cadastral management. This framework consists of four roles and two types of utility data models related to 3D underground utility network mapping. The four roles listed are the following:
• A data producer, who can be a contractor and/or part of the data regulatory bodies' organisation, will submit data to the utility network database after utility survey.
• Data regulatory bodies, which are government agencies, will collect data and manage them based on their utility network data model. The data regulatory bodies should provide a clear data permission and predefined subset of utility data, which will be used by data integrator.
• The data integrator integrates all utility data and manages the utility cadastre of all the utility networks in a city or country. The data integrator should provide the required information for the application of utility cadastre management to users. This role plays a vital role in this framework, connecting the data regulatory bodies and users.
• Data users can use utility data for utility cadastre management applications. Figure 6 . The framework of 3D underground utility network data modelling.
A survey, which includes an interview and questionnaire, will be developed to understand the requirements of different roles in different stages. In this work, the targets of the survey should be all involved Singapore government agencies, such as the Singapore Land Authority, Public Utilities Board, Jurong Town Corporation and so on. Related to different roles in different parts of the framework, the questionnaire is designed in five groups, four of which relate to the four user roles and one group of general questions for all the participants. According to the results of the survey, three main sets of information should be clearly defined at the framework level: i) the standard of communication between different roles from data capture to data using; ii) the definition of different roles including their usage and operation of a utility data model; iii) the permissions to access and modify utility data for each stage.
3D Utility Data Model
A challenge related to ownership of utility data is how to combine existing utility data with the new utility network data model. As some data regulatory bodies do not want to share all of their existing utility network data and some of them have not developed their own utility network databases, this framework provides two options for collecting surveyed utility data. One is based on the existing utility network data model from data regulatory bodies. However, for newly surveyed utility data and bringing it into the utility cadastre, the data regulatory body needs to extend their existing utility data model to include two more components: data conversion and a Land Administration Data Model (LADM).
• The data conversion component establishes a connection between the utility survey and a utility network database. On one hand, the data conversion component will provide information to help data producers for their field work. On the other hand, utility survey data should be converted to 3D geospatial information during the data submission.
• The LADM component plays a key role in connecting the utility network database to develop the utility cadastre data model. There are two main objectives of the cadastre component. One is to identify what level of utility data can be accessed by data integrators and users in the utility cadastral management. The other is to integrate the utility network data model with the LADM (International Standards Organization, 2012).
In addition, a new utility network data model will be developed as a standard for the data integrator. Because some data regulatory bodies do not have their own utility network database or their existing data model cannot be extended , this is the second option for them to collect surveyed data and manage the utility network database. To do so, standards and specifications for utility network mapping for Singapore and other countries were reviewed. From these studies, it is concluded that two kinds of information about the utility network are required, being (i) type and topological information, i.e. a pipelines function, connected networks, etc. and (ii) attributes and geometry, i.e. pipe location, diameter, material, etc. These are then specified and used to develop the proposed 3D utility network data model.
Based on the LADM component of 3D utility network data model, the 3D utility cadastral data model aims to register utility objects and manage the ownership of underground utility. This part aims to support the registration and 3D cadastral mapping of underground utility networks. Up to now, there isnt a regulation or standard for a utility cadastre in Singapore. Before the development of utility cadastral data model, it is necessary to clarify the purpose and required level of quality of that data model. Based on the analysis of end-users requirement, the utility cadastral serve may not only support utility owners to maintain and manage the utility networks, but also support other user applications, such as urban planning and utility network simulations.
CONCLUSIONS
The proposed framework serves as a backbone for 3D underground utility mapping. This framework acts like a standard to organise the workflow of utility data survey, management and application. This framework is made up of four roles and two kinds of the data model. According to interviews and questionnaires, this work needs to clearly define different roles, including their operations and rights for 3D underground utility mapping. The utility network data model is capable of integrating utility networks data of varying formats, which were acquired using a variety of non-destructive surveying technologies. This data model is a first step towards bridging the gap between data acquisition and data management for underground utility mapping. At the same time, a crucial part of the utility network data model is to connect the utility network data model with the utility cadastral data model. To fully support underground space planning, the cadastral data model should eventually be extended to include other underground features in the future, such as underground substations, pedestrian links, common services tunnels, road and rail networks, etc. Also, to support ownership management applications, it should be integrated with the existing Land Administration Domain Model for 3D cadastral management of underground space in Singapore. Such a reliable and complete centralised repository of underground utility data will provide a crucial basis for planning and administering underground spaces.
This work is a work in progress and is in its initial stages. The next step will be the development of a utility network data model and a utility cadastral data model. In the second stage, a pilot study will be conducted to implement the entire process from data capture to data integration and application, working with a selection of agencies and the preferred data integrator. It aims to evaluate and improve the framework. After that, recommendations from this study can be used for the implementation of the platform in Singapore with all government agencies. Also, this work will not limit itself to underground utilities. In future work, it will be extended to include other underground structures such as underground indoor spaces, and support urban planning applications.
